Abstract Fluvoxamine (FLU), a non-toxic compound was investigated as an alternative anticorrosive additive for inhibition of J55 steel corrosion in acidic oil well treatment fluids. The aggressive fluid was simulated using 15% and 1 M HCl. Corrosion of the steel was monitored by Electrochemical Impedance Spectroscopy (EIS), Potentiodynamic Polarization (PDP), Linear Polarization Resistance (LPR), Electrochemical Frequency Modulation (EFM) and Weight Loss (WL) techniques. UV-Vis spectroscopy provided evidence of formation of a complex surface film due to adsorption of FLU on the J55 steel surface. The adsorption process was both physical and chemical in mechanism as best approximated by the Langmuir adsorption isotherm. The adsorption was also spontaneous and exothermic in the direction of increase in entropy of the bulk phase. Maximum inhibition efficiency was obtained with 1.0 lM FLU and decreased from 91.5% to 78.0% when concentration of HCl was increased from 1 M to 15% at 30°C. Effectiveness of FLU declined with an increase in temperature and improved with an increase in concentration of FLU. Blending of FLU with some intensifiers improved the efficiency from 68% and 40% to 88% and 72% in 1 M and 15% HCl respectively at 90°C. EIS measurement reveals that the corrosion process was controlled by charge transfer process. PDP measurements showed that FLU acts as a mixed type inhibitor. Inhibition efficiency values obtained from the different techniques were comparable. SEM micrographs of J55 steel surface indicate good surface protection of FLU. Theoretical calculations were performed using Material Studio Acceryls 7.0 to relate electronic properties of FLU with its structure.
Introduction
The role of chemistry in oil and gas production becomes more essential when existing wells deplete and their natural pressure is reduced. Some chemicals are thus employed to improve production through well stimulation, acid fracturing, reservoir flooding, secondary and enhanced oil recovery operations, etc. Well stimulation or acidizing is an example of a procedure that introduces aggressive fluids into contact with steel structural materials. During this process, acid is forced (under high pressure) through the well bore into the reservoir rock formation to chemically react with rocks (calcite, limestone and dolomite) and dissolve them, open new flow channels and enlarge existing ones [1, 2] . Hydraulic fracturing and matrix acidizing techniques are associated with well acidizing procedures [3] . In fracturing, cracks are produced in the formation and acidic solution is introduced into the fracture to etch the flow channels and enlarge pore spaces [2] . Techniques for removal of scales and drilling mud damage are also associated with the introduction of acids [4] .
The most commonly used acid in acidizing procedure is HCl and at concentration up to 15% [5] . Formic acid, acetic acid and hydrofluoric acid have also been used and sometimes as a mixture with sulfuric, phosphoric, nitric, citric, methanesulfonic and chloroacetic acids [5, 6] . Hydrochloric acid is more economical and reacts very fast with the formation, but is highly corrosive. Thus, the acid has to be mixed with corrosion inhibitors so that the surfaces of steel materials it will contact can be protected against corrosion and pitting. Therefore, corrosion inhibitors are an important class of oilfield chemicals essential as additives for acidic oil recovery fluids. Many corrosion inhibitors have been reported to be effective in various acid solutions of different concentrations [5, [7] [8] [9] . However, it is more desirable that a corrosion inhibitor (CI) be cheap and friendly to environment and personnel. It should also be easy to synthesize or processed from inexpensive sustainable sources. These requirements are exhibited by fluvoxamine (FLU), hence its choice in this study. Besides, there is no report on the application of fluvoxamine as corrosion inhibitor.
Fluvoxamine has been used primarily as anti-depressant [10] , treatment of obsessive-compulsive disorder (OCD) [11] and as a potent inhibitor of the metabolism of caffeine in vitro [12] . It is also one of the major compounds that can be obtained from seeds of Griffonia simplicifolia [13] . The chemical structure ( Fig. 1) shows electron rich sites like which are present in most organic CIs [5, 7] . In this study, FLU is assessed as corrosion inhibitor for J55 steel in HCl. Different concentrations of HCl were used to simulate different real field acidizing and descaling conditions. The J55 steel used in this study because most oil transfer steel tubings, oil drilling pipes, casings, etc., are constructed from J55 steel grade [14, 15] . We are reporting the assessment of FLU as corrosion inhibitor for the first time. Electrochemical and Gravimetric techniques were employed to determine the inhibition efficiency and mechanism of inhibition. UV-Vis spectroscopy is used to probe the possible formation and nature of a complex adsorbed protective film on the steel surface.
The morphology of the protected metal is studied using SEM. The effect of temperature on the inhibitor performance is also examined. The CI is also blended with synergistic additives to obtain inhibitor blends to assess their performance at high temperature.
Experimental technique

Materials used for the study
Sartorius CPA225D analytical balance with sensitivity ±0.00001 g was used for all weight measurements. The electrochemical workstation used was Gamry ZRA REF 600-18042 Potentiostat/Galvanostat. The 756PG UV-Vis Spectrophotometer, supplied by Shanghai Spectrum Instruments Co., Ltd and AMETEX S4800 SEM/EDAX TSL were also used in the study. Different grades of silicon carbide papers such as CC-22F P2000, P1000, P500, P400, P200 and P100 were used for surface abrasion.
Preparation of steel specimens
The J55 steel specimens supplied by Qingdao Tengxiang Instrument and Equipment Co. Ltd, China, were mechanically press-cut into coupons of dimension 2 cm Â 2 cm. The surface was treated as provided by NACE Recommended Practice RP-0775 and ASTM G-1 & G-4 for surface finishing and cleaning of weight-loss coupons. In addition coupons for electrochemical studies were abraded with various grades of silicon carbide paper and 1 cm 2 of the exposed surface was finished to mirror surface with CC-22F P2000 grade. The prepared specimens were enclosed in sealed water-proof bags and stored in moisture free desiccator prior to use. The chemical composition (wt.%) of J55 steel was C (0.24), Si (0.22), Mn (1.1), P (0.103), S (0.004), Cu (0.5), Ni (0.28), Mo (0.019), and Fe (balance).
Preparation of test solutions
Analytical grade HCl was diluted to concentrations of 1 M and 15% using double-distilled water. Powdered fluvoxamine (AR) supplied by Meyers Co. Ltd., China, was used as supplied without further analyses. The FLU was prepared to different concentrations (1 Â 10 À5 , 3 Â 10
À5
, 5 Â 10 À5 and 10 Â 10 À5 M) in the HCl solutions. The test solutions were used for the study about 48 h after preparation.
The additives used in preparing the inhibitor blends were: PEG-4000 (Industrial grade) supplied by Richest group Ltd., Shanghai; sodium gluconate (Analytical grade) and glutathione (Industrial grade) supplied by Wuhan Yuancheng Gongchuang Technology Co. Ltd., China; and potassium chloride (Analytical grade) supplied by Meyer Chemical Technology Co. Lt., Shanghai; China. They were used as supplied without further analyses. The concentration of each additive used was 1 Â 10 À6 M. They were blended with 10 Â 10 À5 M FLU and prepared in the HCl with vigorous stirring. The resulting inhibitor blend solution was allowed to stand for 48 h with regular agitation.
Electrochemical measurements
The conventional three electrode set up was used consisting of saturated calomel electrode (SCE) as reference electrode, platinium as counter electrode and J55 steel coupons as working electrode. The EIS was conducted at a frequency of 10 5 to 10
À2 Hz for open circuit immersion time of 30 min. The voltage was changed to À0.15 V to +0.15 V vs. E OC at a scan rate of 1 mV/s for PDP measurements. Linear polarization resistance measurements (LPR) were carried out at À0.20 V to +0.20 V vs. E OC at 1 mV/s. Electrochemical Frequency Modulation (EFM) measurements were conducted using two frequencies: 2 Hz and 5 Hz. The base frequency was 1 Hz, hence the waveform repeats after 1 s. A peak voltage of 10 mV was used. All electrochemical measurements were carried out at 30°C. E-Chem software package was used for data fitting and analyses.
Charge transfer resistance from EIS measurements was used to compute the inhibition efficiency according to Eq.
(1). The inhibition efficiency from PDP was calculated from the corrosion current densities using Eq. (2).
where R ctB and R ctI are charge transfer Y 0 C dl resistances in the absence and presence of inhibitor respectively. 
where n is a constant showing degree of roughness of the metal surface obtained from the phase angle given that ðj 2 ¼ À1Þa is the phase angle of CPE and n = 2a/(p) is the CPE exponent.
Gravimetric measurement
Pre-weighed steel coupons were immersed in the acid solutions without and with different concentrations of FLU at five (5) hours interval maintained at 30°C in a water bath. They were retrieved, washed in 20% NaOH solution containing about 200 g/L of zinc dust until clean, dried in air after rinsing in acetone and weighed to determine the weight loss. Experiments were carried out in triplicates but only the mean values of the weight losses (g) are reported. The initial and final weights of the coupons were denoted as w 1 and w 2 respectively, corrosion rate of iron, percentage inhibitor effectiveness (inhibition efficiency), e WL ; and degree of surface coverage (h), were calculated as follows:
where R b and R i are the corrosion rates (cm h À1 ) in the absence and presence of the inhibitor, q is the density of iron, A is the average surface area (cm 2 ) of the metal specimens and t is the immersion time (h). The values of corrosion rate obtained were converted to another unit (mmpy) using conversion factors explained in literature [16] . This procedure was repeated at other temperatures like 45, 60, 75 and 90°C in the different test solutions.
UV-Vis study
To study the surface film and predict whether a complex is formed with the metal surface, the UV-Vis spectrum was first obtained using the solution containing 10 Â 10 À5 M FLU in 1 M HCl prior to immersion of the J55 steel. Another spectrum was obtained using a solution resulting from immersing the steel in 1 M HCl for 24 h. The spectral profiles were then compared.
SEM study
To study the morphology of the metal in both uninhibited and inhibited solutions, the steel coupons of size 1 cm Â 2 cm were abraded to mirror finish as described above. The SEM images were recorded in the vacuum mode before and after immersion in HCl. This was repeated with a coupon immersed in 1 M HCl containing 10 Â 10 À5 M FLU solution. The instrument was operated at 5 kV.
Results and discussion
EIS measurement
EIS results for corrosion of J55 steel in 1 M HCl without and with three different concentrations FLU were used to obtain Nyquist and Bode plots shown in Fig. 2 . Imperfect semicircles are obtained (Nyquist plot) and the sizes of their diameters are influenced in the presence of FLU from that of HCl solution. The difference in sizes of their diameters is due to the influence of FLU on the corrosion of J55 steel by inhibition. The diameters increase as inhibitor concentration increases following the same trend as the calculated inhibition efficiency. The imperfection in the shape of the semicircle can be attributed to surface roughness of the J55 steel [17] . The single capacitive loop obtained indicates that the mechanism of corrosion is controlled mainly by charge transfer process [17] . The shapes of the plots were similar in both inhibited and free acid solution indicating that the mechanism of steel corrosion is not influenced by introduction of FLU. The equivalent circuit ( Fig. 3 ) corresponding to R s ðR ct ; CPE Þ model was used to analyze the obtained data. Goodness of the fits obtained were in the order of 10 À4 indicating good correlation with the model. The surface roughness of the steel was compensated by introduction of a non-integer element dependent on frequency called constant phase element, CPE which can be estimated using Y 0 and n, related to impedance by:
where Z CPE is the impedance of the CPE, Y 0 is the CPE constant, w is the angular frequency, j is an imaginary complex number, ðj 2 ¼ À1Þa is the phase angle of CPE and n = 2a/(p).
Some of the EIS parameters calculated are presented in Table 1 . The value of n indicates deviation of the CPE and can be used to predict the degree of roughness or inhomogeneity of the steel surface. This value decreased on addition of FLU suggesting that the surface roughness of the steel is increased by adsorption of inhibitor molecules on steel surface active sites [18] . It also shows that there is relative and/or integrated influence on the CPE: not just a single resistance, capacitance or inductive element. A decrease in n on addition of inhibitors also signifies insulation of the metal/solution interface by formation of a surface film. Formation of this film results in an increase in charge transfer resistance in the presence than absence of inhibitor. The charge transfer resistance increased with an increase in inhibitor concentration showing that the 'blanketing' property of the film improved as inhibitor concentration increased. The inhibition efficiency obtained also increased with an increase in inhibitor concentration, hence consistent with weight loss results.
An increase in peak heights of the Bode plots ( Fig. 2(b) ) suggests more capacitive response of the interface due to the presence of adsorbed inhibitor layer [18] . This capacitive response can result from formation of an electrochemical double layer with a capacitance, and its magnitude (C dl ) was estimated using Eq. (3) earlier stated. The C dl values decreased in the presence of inhibitors, similar to results obtained by Shaban and coworkers using vanillin cationic surfactants [19] and Anupama and coworkers using Pimenta dioica leaf extract [18] . The decrease in C dl values can be attributed to a decrease in the local dielectric or an increase in the thickness of the double layer or both, caused by the adsorbed protective film of the inhibitors as earlier inferred [20] .
PDP measurement
Since J55 steel is a mixture of many metals, a number of oxidation reactions may occur at the anode. The various anodic oxidation reactions may be represented in Eq. (8) while the oxidation of iron in the steel sample may be represented by Eq. (9) . The reaction at the anode could involve reduction of water in aqueous environments with sufficiently negative potential (Eq. (10)) and subsequent evolution of hydrogen (Eq. (11) Cathode :
The driving force (i.e. potential) was controlled so as to measure the current as a function of the net change in reaction rate. The sum of currents resulting from the electrode processes can be used to obtain the compromise current or free corrosion current density (I corr ) and the corresponding potential (E corr ). Tafel plots (Fig. 4) were used to obtain the cathodic and anodic constants (b c and b a ) and some PDP parameters ( Table 2) .
The I corr values decreased with an increase in inhibitor concentration compared to the free acid solution. This is due to formation of adsorbed protective film of FLU on J55 steel surface. A displacement of E corr to less negative values in the inhibited solutions compared to the free acid solution was also observed (Fig. 4) . Corrosion inhibitors that displace E corr to less negative values are usually identified as anodic inhibitors whereas cathodic inhibitors displace the potential to more negative values [18] . Therefore, the E corr values obtained suggest that the inhibitor have dominant influence on the partial anodic reaction. However, the highest difference from that of the free acid (dE corr Þ is not up to À85 mV, hence not sufficient to categorize the inhibitor is cathodic or anodic type. Such corrosion inhibitors are usually regarded as mixed type inhibitors with anodic predominance [21] . The values of b c and b a obtained change on addition of inhibitor from that of the free acid solution ( Table 2 ). The highest difference was obtained with b a supporting that FLU exhibits greater influence on anodic reaction than cathodic reaction.
A mixed type inhibitor acts by blocking of some active anodic and cathodic sites of the metal without changing its dissolution or corrosion mechanism. In other words, FLU inhibits both the iron dissolution and hydrogen evolution processes but more actively inhibiting iron oxidation (anodic reaction). The mechanism may be activation or diffusion controlled. The calculated inhibition efficiency also increased with an increase in concentration of the inhibitor, similar to EIS results.
LPR measurement
This measurement was conducted to support results obtained from PDP measurements. The polarization resistance is obtained using the Stern-Geary equation (Eq. (12) ). Inhibition efficiency is obtained using Eq. (13) .
where R Pi and R Pb are the polarization resistances with and without the inhibitor respectively. Values of R p obtained (Table 3) increased with an increase in FLU concentration. The inhibition efficiency obtained from polarization resistance followed the same trend as PDP with respect to concentration. However, inhibition efficiency obtained were relatively less than those from PDP measurements but comparable with EIS results.
EFM measurement
EFM measurement was also carried out using small signals to obtain corrosion current values without prior knowledge of the Tafel slopes. The corrosion rate, corrosion potential and causality factors (CF-2 and CF-3) were also obtained as displayed in Table 4 . Inhibition efficiency calculated from corrosion current values (using Eq. (14)) varied with inhibitor corr are the corrosion current densities in the absence and presence of the inhibitor respectively. Experimental causality factors CF-2 and CF-3 calculated from the frequency spectrum (not shown) of the current responses were close to theoretical values indicating the measurements are of good quality [22] . However, CF-2 of the 1 M HCl solution was less than 1, suggesting the influence of electrochemical noise on that measurement. Also, observation of difference in the values of the Tafel constants indicates that the inhibitor has more influence on b a , supporting PDP results.
Gravimetric measurement
The corrosion rate (CR) of J55 steel in both 1 M and 15% HCl were calculated from weight loss data. The result was used to compute the inhibition efficiency (%I) and fractional surface coverage (h) as presented in Table 5 .
By comparing the efficiency of FLU in 1 M HCl and 15% HCl, it is clear that the efficiency declines with an increase in acid concentration. For instance, the inhibition efficiency decreased from 91.5% in 1 M HCl to 78.0% in 15% HCl at 30°C. This represents about a 15% decrease in inhibition efficiency on about 340% increase in acid concentration. However, this trend is not consistent with each of the FLU concentrations. Though the inhibition efficiency reduces due to increased acid strength, the value is still reasonably high and can be enhanced by the use of some intensifiers. At constant temperature, the inhibition efficiency of FLU increases with an increase in FLU concentration (Table 5 ). Similar trends have been reported in literature [23, 24] . Therefore, it could be possible to achieve higher inhibition efficiencies by further increasing the concentration of FLU. However, CIs are usually deployed in small quantities hence using too much or too small quantity of the inhibitor is not desirable [5] .
Effect of temperature
Recently, some industries have ventured into production/ recovery of hydrocarbons from deep pay zones. Difference between surface and down-hole temperatures is a key factor that can influence the effectiveness of the corrosion inhibitor used for such operations. Going down the well, the difference in temperature per unit well length has been described as geothermal gradient. An average geothermal gradient of about 25°C per km of depth (1°F per 70 feet of depth) is believed to be universal [25] . From literature reports, the average geothermal gradient in Niger delta fields is 28°C/km [26] . Many deep wells in the region are estimated to be about 2-4 km deep corresponding to down-hole temperatures in the range of 65-125°C [27, 28] .
To elucidate the effect of temperature on the performance of FLU, the highest concentration of the inhibitor was tested at five different temperatures between 30°C and 90°C using weight loss measurement. Results obtained (Table 6) show that inhibition efficiency decreases gradually as temperature increases. The decrease seems reluctant from 30°C to 60°C but becomes more prominent at higher temperatures. This implies that if FLU would perform effectively at surface conditions but loose its efficiency some kilometers down the well. In literature, this trend is associated with desorption of reversibly physisorbed inhibitor molecules at an increased temperature [29] .
To improve the efficiency of FLU at high temperatures, 10 Â 10 À5 M FLU was blended with other compounds, namely, like potassium iodide (KI), polyethylene glycol (PEG), sodium gluconate (NaG), and glutathione (GLU). KI is known for its synergistic enhancement of corrosion inhibition effect [30, 31] . Both PEG and GLU have been reported to inhibit corrosion [32, 33] . The results obtained (Tables 7  and 8) show that the inhibition efficiency improved at high temperatures. This demonstrates that the inhibitor blends could be more efficient in various oilfield acidizing procedures associated with high temperature operations. Similar results (Table 9) were obtained using electrochemical measurements.
Adsorption, kinetic and thermodynamic studies
Adsorption of corrosion inhibitors can occur through electrostatic interactions between charged species of the inhibitor and metal surface (physisorption) or by actual chemical interaction between the CI functional group(s) and metal orbitals (chemisorption). To predict the adsorption mechanism, the fractional surface coverage (h) data were fitted into adsorption isotherm models. The isotherm models tested were the Langmuir, Temkin, Freundlich, Flory Huggins and El-Awady isotherms. The best fit was obtained with the Langmuir isotherm ( Fig. 5 ) with adjusted R 2 P 0.999. The expression for the model is given in Eq. (15) .
where C inh is the concentration of inhibitor (mol dm
À3
) in the acid solution and K ads is the adsorption-desorption equilibrium constant which can be used to determine the free energy change of adsorption (DG ads ) according to Eq. (16) .
where 55.5 represents the concentration of water molecules displaced by inhibitor molecules at the surface, R is the universal gas constant and T is the absolute temperature. The values of K ads and DG ads obtained are given in Table 10 . The constant, K ads relates to the strength of inhibitor-metal surface interaction. It can be observed that K ads decreases as temperature increases indicating that the strength of adsorption or binding of FLU on J55 steel weakens as temperature increases resulting in desorption from the surface. The values also decrease in 15% than 1 M HCl demonstrating decreased strength of adsorption with increased solution aggressiveness. The DG ads values are all greater than À40 kJ mol À1 indicating chemical adsorption mechanism. This implies that the adsorbed film or layer has chemical character and involves formation of chemical bond between FLU and J55 steel [34, 35] . However, it is not clear the negative value of intercept of the plot in 15% HCl at 90°C.
For all the systems tested, corrosion rate increased as temperature increased. The corrosion rate data were fitted into the Arrhenius kinetic model (Eq. (17)) and activation energy was elucidated from linear plots of log CR against reciprocal of temperature (Fig. 6) . The obtained activation energy increased on addition of the inhibitor depending on inhibitor concentration (Table 11 ). Based on the concept of activation and collision theory, it can be considered that before the acid solution corrodes the metal surface, molecules of the acid must collide with the metal molecules on the surface. This implies that the HCl molecules studied must acquire extra (higher) energy in the inhibited solution for corrosion to occur, hence corrosion inhibition. The activation energy was lower in 15% HCl than 1 M HCl indicating that molecules of 15% HCl solution require less energy barrier to cross the activated complex and form corrosion products with mild steel than those of 1 M HCl. The increase in activation energy in the presence of inhibitor in both acids is consistent with trends reported in literature and is associated with physical adsorption mechanism [36, 17] .
where E a is the activation energy, A is the Arrhenius preexponential factor or frequency facto, R is the universal gas constant and T is absolute temperature. The other activation parameters given in Table 6 were derived from the transition Table 5 Corrosion rate, inhibition efficiency and fractional surface coverage data for the inhibition of J55 steel corrosion in 1 M and 15% HCl using different concentrations of FLU at 30°C. Table 6 Effect of temperature on the inhibition efficiency of FLU as corrosion inhibitor for J55 steel in acidic solutions. (18)). Linear plots of log CR T À Á against reciprocal of temperature are as follows (Fig. 7) .
where DH Ã and DS Ã are the enthalpy and entropy change of activation respectively. The values of DS Ã are all negative which implies that a decrease in disorderliness of the system takes place on moving from reactants to activated complex. It also indicates that the activated complex in the rate determining step involves an association of inhibitor on metal surface instead of dissolution of the metal. The negative sign of DH Ã reflects the exothermic nature of J55 steel corrosion in HCl. A spontaneous exothermic phenomenon with a decrease in entropy is thermodynamically consistent at all temperatures studied, showing that the results obtained are reliable.
UV-Vis spectroscopy
The spectral profile of I M HCl solution containing 1 Â 10
À5
M FLU before and after immersion of J55 steel is shown in Table 9 Inhibition efficiency of FLU in 15% HCl measured using other electrochemical methods at 30°C. Ã or d ! p Ã (involving single bonded electrons around NAO or NAH sites). In literature, when there is a shift in position of the spectra of the solution after immersion of the metal, formation of a surface complex between the inhibitor and metal surface is inferred [37] . This complex acts as the adsorbed protective film that 'blankets' the steel surface from direct acid attack, hence corrosion inhibition.
SEM studies
Micrographs of an abraded J55 steel coupon prior to immersion immersed in 1 M HCl with and without FLU for 24 h were recorded by SEM. Result reveals the surface of the coupon immersed in the free acid solution (Fig. 9, left) experienced damage due to corrosive attack leading to pitting and undulation. However, the surface of the coupon immersed in the solution containing FLU (Fig. 9 , Right) was relatively smoother compared to the free acid solution. This demonstrates that the addition of inhibitor reduces corrosive pitting which occurs in the free acid solution. The extent of protection can be considered to be high since pitting decreases significantly. The protective layer formed by the inhibitor was not evenly distributed Figure 6 Arrhenius plots for the inhibition of corrosion of J55 steel in both 1 M and 15% HCl containing different concentrations of FLU. over the metal surface hence some portions of the surface were smoother than others. Thus, the active sites on the steel surface might not be equivalent or possess similar affinity for active molecules of the inhibitors.
Adsorption of FLU from structure and electronic properties
Corrosion experts have presumed that CIs function by initial diffusion from bulk medium to the metal surface and subsequent adsorption on the metal surface. A schematic summary of this phenomenon is shown in Fig. 10 below: Little effort has so far been made to explain the manner and speed of diffusion of inhibitor molecules. However, the mechanism of adsorption is understood and has been a very active field of research. Four forms of adsorptive interactions that may take place at the metal-inhibitor interface are [38] : electrostatic interaction between charged metal surface and charged inhibitor molecules; interaction of uncharged electron pair (which may come from non-bonding orbitals of hetero atoms) of the inhibitor molecules with the metal; interaction of pie-electrons with the metals; or a combination of two or more of the above.
The first case exemplifies physical adsorption mechanism; the next two are associated with chemical adsorption mechanism; and the last with mixed mechanism or physiochemisorptions. Results from adsorption study revealed that FLU molecules were both physically and chemically adsorbed on J55 steel surface. The structure of FLU was therefore optimized. The frontier molecular orbitals density and energy (namely LUMO and HOMO) of FLU were obtained theoretically calculated using DFT at BL3YP basis set (Fig. 11) . Materials studio 7.0 software was used for the computation.
Results indicate that electron rich sites (HOMO) are concentrated around ANH 2 , C‚N and O atoms while the C‚C sites of the aromatic ring constitute the LUMO. The calculated energies were À2.454 eV and À3.996 eV for E HOMO and E LUMO respectively. A higher value of E HOMO is likely to indicate a high tendency to donate electrons to appropriate acceptor molecule of low empty orbital energy and vice versa, therefore enhancing the inhibition efficiency. Donation of electron could result in actual chemical interactions between FLU orbitals and empty orbitals of Fe 2+ in J55 steel. Also, electrostatic interactions between FLU and the surface, may occur by means of O and N atoms or C‚C of the aromatic ring. The band gap energy and dipole moment of FLU obtained using Eqs. (19) and (20) respectively are À1.542 eV and 1.610 Debye. These values are higher than some compounds reported in literature [39, 40] which could justify the high inhibition efficiency of FLU.
Conclusion
The following conclusions are drawn from results of the present study:
Inhibition efficiency of FLU decreases in both 1 M and 15% HCl as temperature increases and increases with an increase in FLU concentration. Blending of FLU with potassium iodide, polyethyleneglygol and glutathione improves the efficiency to values above 88% and 72% in 1 M and 15% HCl respectively at 90°C. Fluvoxamine-based corrosion inhibitors for J55 steel in aggressive oil and gas well treatment fluids
